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We report magnetoresistance in Cr-Fe bulk alloys and its variations associated with the 
microstructure change due to the phase decomposition. Large negative magnetoresistance (MR) is 
observed in the as-quenched Cr-Fe bulk alloy at liquid helium temperature, but not at room 
temperature. This is attributed to the spin cluster glass in the homogeneous solid solution. A unique 
feature of the MR in these homogenous alloys is that it does not saturate even in the presence of very 
high magnetic fields. However, such MR behavior changes when ferromagnetic particles precipitate 
by annealing. A lower degree of compositional fluctuation of Fe progresses by annealing the alloy 
at 773 K for 400 h and then a higher degree of decomposition occurs after a prolonged aging for 
2600 h. In the annealed specimens, MR is observed even at room temperature. The MR change 
becomes more prominent at a lower field region, since ferromagnetic particles precipitate from the 
solid solution. The degree of the phase decomposition of the Cr-Fe solid solution is quantitatively 
evaluated by the atom probe analysis, and the origin of the MR dependence on the annealing 
conditions is discussed. 0 1995 American Institute of Physics. 
I. INTRODUCTION 
Giant magnetoresistance (GMR) was reported for the 
first time in the Cr/Fe thin films with the multilayer 
structure.’ Since then, this phenomenon has been observed in 
many metallic multilayers which are composed of nonmag- 
netic and ferromagnetic thin layers of a few nanometers.2-5 
The origin of GMR in multilayered films is believed to be 
the spin dependent scattering of electrons. 
Recent discovery of GMR in alloy thin films with het- 
erogeneous structure, in which nanoscale ferromagnetic par- 
ticles are distributed in the nonmagnetic matrix phase, stimu- 
lated researches of nonmultilayer type GMR.6,7 This has 
been reported in the alloy systems composed of nonmagnetic 
and ferromagnetic elements with negligible solubilities like 
Cu-Co, Cu-Fe, Ag-Fe, Ag-Co, etc.‘-” Moreover, it was re- 
cently shown that a similar phenomenon is observed in melt 
spun ribbons of Cu-Co, Cu-Ni-Co, and Cu-Ni-Fe.12-14 In 
both cases, it is necessary to solidify vapor or liquid rapidly 
in order to form highly supersaturated solid solutions as a 
starting specimen. By annealing these metastable solid solu- 
tions, nanoscale ferromagnetic particles precipitate from 
nonmagnetic solid solutions. The origin of magnetoresis- 
tance (MR) in these heterogeneous alloy films is believed to 
be similar to that of multilayer type GMR, i.e., spin depen- 
dent electron scattering by the ferromagnetic particles. Under 
the zero-field condition, the directions of magnetization vec- 
tors of the particles are random, but they will be aligned by 
the application of magnetic field. 
Although this type of GMR has been discovered in many 
binary alloy systems that GMR appears in the multilayer 
structure, the Cr-Fe system has not been tested yet whether 
its alloy thin film or bulk alloy with heterogenous structure 
shows the similar MR effect. The Cr-Fe system is quite dif- 
ferent from the other GMR systems with the heterogeneous 
structure in the following points: 
‘)Electronic mail: fujimori@magmte.imr.tohoku.ac.jp 
(1) the equilibrium solid solution exists above 1094 K in 
the entire concentration region, and 
(2) it has a large miscibility gap below 1094 K, but the 
solubility limit of each side is as much as 10% even 
at 700 K. 
Phase separation is expected to occur by aging the su- 
persaturated solid solution at temperatures below the misci- 
bility gap; however, the kinetics of the decomposition is very 
slow below 800 K due to the low bulk diffusivity. Hence, in 
order to attain a heterogeneous structure in Cr-Fe system, it 
is necessary to anneal the supersaturated solid solution for an 
extended period of time. We have recently reported large 
negative MR in sputtered Cr-Fe thin films and its depen- 
dence on the alloy composition and the substrate 
temperature.t5,16 In the present study, we report the observa- 
tion of large negative MR in the bulk Cr-Fe alloy and its 
dependence on the heat treatments and the associating micro- 
structure changes. 
II. EXPERIMENT 
Cr-Fe alloy ingots with different compositions were pre- 
pared by argon arc melting. Small square rods of -0.5 
X0.5X12 mm were cut out of the button ingot by a multi- 
wire saw. These samples were solution heat treated in a 
vacuum sealed quartz tube at 1300 K for 1 h, then quenched 
into water (referred to as ASQ). Solution treated specimens 
were subsequently annealed in vacuum at 773 K for periods 
of 400 and 2600 h (hereafter, referred to as 400 and 2600 h, 
respectively). MR was measured at 5.8 kOe at three different 
temperatures of 4.2,77, and 300 K by the standard four-point 
probe method. Magnetic field is applied parallel to the elec- 
tric current for all the MR measurements. Magnetization was 
measured by a superconducting quantum interference device 
magnetometer, QUANTUM DESIGN, MPMS. The 
magnetization-temperature (MT) curves were measured by 
applying a maximum field of 50 Oe in a temperature range 
from 4.5 to 400 K. The microstructure was examined by a 
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FIG. 1. MR ratios, Aplp at 5.8 kOe, as a function of concentration of Fe in 
Cr-Fe alloys. For comparison, the values of the thin films which were sputter 
deposited on the liquid nitrogen cooled substrate (see Ref. 11) are also 
shown. 
time-of-flight atom probe field ion microscope (APFIM),‘7 a 
three-dimensional atom probe,18 and a 120 kV transmission 
electron microscope (TFM), Philips CM12. Specimens for 
atom probe analysis field-ion microscopy (FIM tips) and 
TEM foils were prepared by the standard electropolishing 
techniques. Field-ion micrographs were observed at 30 K 
with a mixture of He and Ne as an imaging gas. Time-of- 
flight atom probe analyses were conducted at -35 K with a 
pulse fraction, VP1 V,, , of 0.15 and a pulse repetition rate of 
100 Hz. The two- and three-dimensional element mappings 
were obtained by a three-dimensional atom probe using a 
position sensitive detector, Kindbrisk PDA60lAL. 
Ill. RESULTS 
A. Magnetwesistance 
Figure 1 shows the MR ratios, Aplp, of as-quenched 
Cr-Fe alloys as a function of Fe concentrations measured at 
4.2 K, where Ap is a difference between the maximum resis- 
tivity near zero magnetic field and the resistivity at 5.8 kOe. 
For comparison, the MR ratios obtained from as-sputtered 
Cr-Fe thin lilms15 are shown in the same figure. The largest 
MR ratio appears around the Fe concentration of 20 at. %  in 
both cases. It should be noted that the values of the MR 
ratios of the bulk alloy specimens are much larger than those 
of sputtered ones. 
In order to examine the dependence of MR on the mi- 
crostructure of the alloys, Cr-25 at. %Fe alloys were an- 
nealed at 773 K for 400 and 2600 h. The variation of MR 
ratios with three different heat treatment conditions are 
shown in Fig. 2. In this figure, values of Aplp at 4.2,77, and 
300 K are plotted as a function of applied magnetic field. 
Large negative MR is observed in all specimens at 4.2 K. 
MR decreases monotonically to 5.8 kOe, but the MR change 
does not seem to saturate even at 5.8 kOe. For the ASQ and 
400 h Cr-25 at. %Fe specimens, MR was measured under a 
very high magnetic field as shown in Fig. 3, and it was 
confirmed that MR does not saturate even at 140 kOe. As 
seen in Fig. 2, the MR dependence on the heat treatment is 














o ASQ R 
q 400h 
as (a) T=4.2 K 












“Q %  
I @@i  I I 






-4 -2 0 2 4 
H (kOe) 
FIG. 2. MR ratios, Aplp at 5.8 kOe, of as-quenched Fe-25 at. %  Cr (referred 
to as ASQ), the same ahoy annealed at 773 K for 400 h (referred to as 400 
h) and for 2600 h (referred to as 2600 h) measured at (a) 4.5 K, (b) 77 K, 
and (c) 300 K. 
However, it may be noted that the MR ratio at 5.8 kOe be- 
comes smaller as annealing time becomes longer. This ten- 
dency is entirely different at 77 K as shown in Fig. 2(b). The 
highest MR ratio was observed in the 2600 h specimen and 
the ASQ and 400 h specimens show similar MR behavior. 
The MR change at a low-field region is more noticeable in 
the 2600 h specimen. At 300 K, the difference in the MR 
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FIG. 3. MR ratios as a function of applied magnetic field up to 140 kOe of 
ASQ and 400 h specimens. 
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FIG. 4. MH curves of the ASQ, 400 and 2600 h specimens measured at (a) 
4.2 and (b) 300 K. The 400 h specimen data is fitted by the Langevin curve. 
change becomes more prominent. Although MR does not 
appear in the as-quenched specimen, the 400 h specimen 
shows unsaturated monotonic MR change. The specimen 
aged for 2600 h shows small but steep MR change at lower 
than 2 kOe, but it almost saturates at that field. 
B. Magnetizations 
Figures 4(a) and 4(b) show magnetization versus mag- 
netic field (MH) curves of Cr-25 at. %Fe alloys with three 
different heat treatments conditions, which were measured at 
4.5 and 300 K, respectively. At 4.5 K, all specimens show 
simple ferromagnetic behavior, suggesting that they contain 
ferromagnetic components. It should be noted that the mag- 
netization reaches saturation at relatively low magnetic 
fields, but MR is far from saturation even at 60 kOe at 4.2 K 
as seen in Fig. 2. On the other hand, at 300 K, the magneti- 
zation of the as-quenched alloy increases almost linearly as a 
function of the applied field and it does not show saturation 
even at 60 kOe [Fig. 4(b)]. This shows that the as-quenched 
alloy is in a typical paramagnetic state at 300 K. When the 
alloy is annealed at 773 K for 400 h, the magnetization curve 
at 300 K shows a prominent difference from the as-quenched 
alloy, i.e., the curve does not show hysteresis and is rather 
similar to the Langevin-type curve. As a result of fitting to 
the Langevin function [Fig. 4(b)], the effective moment was 
determined to be 2082.8 MB, which is much higher than that 











FIG. 5. Temperature dependence of the magnetization of ASQ, 400 and 
2600 h specimens, which was measured at 50 Oe with increasing tempera- 
ture after cooling down to 4.5 K at zero field (ZFC) and then with decreas- 
ing temperature to 4.5 K (FC). 
clusters of -1000 Fe atoms are present in the 400 h speci- 
men. The alloy annealed for 2600 h shows higher saturation 
magnetization. The susceptibility at higher field (>20 kOe) 
is lower than those of 400 h and ASQ specimens. These 
indicate that ferromagnetic particles with higher Fe concen- 
tration precipitate and the concentration of Fe in the matrix 
phase is reduced compared with those of 400 h and ASQ 
specimens. 
Figure 5 shows magnetization versus temperature (MT) 
curves of Cr-25 at. %Fe alloy with three different heat treat- 
ment conditions, which were obtained by applying the small 
magnetic field of 50 Oe with increasing temperature after 
cooling down to 4.5 K at zero field cooled (ZFC), and with 
decreasing temperature down to 4.5 K (FC). The magnetiza- 
tion of the ZFC curve of the ASQ specimen drops drastically 
at 10 K deviating from the FC curve, indicating re-entrant 
spin glass behavior in Cr-Fe homogeneous solid solution.1g 
The ZFC curve of the 400 h specimen shows a slight differ- 
ence from the FC curve below 200 K. This behavior is ex- 
plained by the presence of cluster glass. The Curie tempera- 
ture of the ASQ and 400 h specimens are around 130 and 
270 K, respectively. The 2600 h specimen has the Curie tem- 
perature well above the room temperature, suggesting that 
this is composed of comparatively large ferromagnetic par- 
ticles containing substantial amount of Fe. We see a remark- 
able difference between ZFC and FC curves for the 2600 h 
specimen. This difference suggests the blocking of fluctua- 
tion of magnetization vectors on the particles due to the mag- 
netic anisotropy and/or the interparticle exchange coupling, 
and the magnetization vectors are frozen in different orien- 
tations at low temperatures after zero field cooling. 
C. Microstructure 
Figures 6(a) and 6(b) show bright field TEM images of 
Cr-25 at. %Fe specimens annealed at 773 K for 400 and 
2600 h, respectively. The selected area diffraction patterns 
show that the specimens are body-centered-cubic (bee) 
single phase without any indications of the v phase. The 
modulated microstructure indicates that concentration modu- 
lation is present in the bee phase. The dimensions of the 
modulation is estimated to be -7 and 10 nm, respectively. 
However, the degree of the concentration modulation is not 
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FIG. 6. Bright field TEM micrographs of Cr-25 at. % Fe alloy (a) annealed 
at 773 K for 400 h, and (b) annealed at 773 K for 2600 h. 
clear from the TEM observation. In order to elucidate the 
degree of the compositional fluctuations in each specimen, 
we have employed an atom probe field ion microscope 
(APFIM). Figures 7(a)-7(c) show field ion micrographs of 
Cr-25 at. %Fe alloy (a) as-quenched, (b) annealed at 773 K 
for 400 h, and (c) annealed at 773 K for 2600 h. These 
images were observed using a mixture of Ne and He as an 
imaging gas. Individual atoms protruding on the surface can 
be observed as bright spots in FIM. With this imaging gas, 
Fe atoms are more brightly imaged than Cr. In the ASQ state 
bright spots are uniformly distributed, suggesting that this is 
a homogeneous solid solution. In the FIM image of the 400 h 
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FIG. 8. Atom probe concentration depth profiles of Cr-25 at. %Fe alloy (a) 
as-quenched, (b) annealed at 773 K for 400 h, and (c) annealed at 773 K for 
2600 h. The probe aperture was located on the (011) pole. The dotted line 
shows the statistical error expected from the two times of the standard 
deviation. 2~. 
However, these brightly imaging regions are not well defined 
and they look somewhat interconnected each other. This fea- 
ture suggests that the degree of the concentration fluctuations 
is not very high. The FIM image of the 2600 h specimen 
clearly shows a lot of small Fe particles and each particle is 
entirely isolated. From the continuity of the concentric rings 
of the small particles to those of the matrix, it can be seen 
that these precipitates are coherent with the Cr matrix. The 
average size of Fe particles is estimated to be -4 nm and the 
interparticle distance is -6 nm. The volume fraction of the 
ferromagnetic particles, which is estimated from the area 
fraction of the brightly imaging region, is -14%. 
Figures S(a)-S(c) show the atom probe concentration 
depth profile of each specimen shown in Figs. 7(a)-7(c). The 
FIG. 7. FIM images of Cr-25 at. %Fe alloy (a) as-quenched, (b) annealed at 773 K for 400 h, and (c) annealed at 773 K for 2600 h. The images were observed 
at 30 K using a mixture of Ne and He as an imaging gas. 
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Y-r_ n .-m-_- >f---_f_-_l _1_-_-r r,u. Y. Inree-ulmaw1”Ili eKIn~II(. I mapping of Fe and Cr atoms in Cr-25 at. %Fe alloys (a) as-quenched, (b) annealed at 773 K  for 400 h, and (c) annealed 
at 773 K  for 2600 h, obtained by i I position sensitive atom probe and (d)-(f) th eir corresponding isoconcentration contours which were constructed by 
connecting the concentration points of: 75 at. %Fe. 
analyses were performed by locating the probe hole on the 
(011) pole. Each concentration point was determined from 50 
atoms, which corresponds to the approximate number of ions 
detected from a (022) atomic plane under the present condi- 
tion. As each concentration point is determined from a lim- 
ited number of atoms, atom probe concentration profile al- 
ways contains a certain level of statistical errors. In Fig. 8, 
such statistical errors (2~) are shown by broken lines. In the 
ASQ specimen, the concentration fluctuation is almost 
within the statistical errors, suggesting that the distribution of 
Fe atoms is homogeneous. No statistically significant long 
range concentration fluctuations are detected. On the other 
hand, small concentration fluctuations are recognized in the 
400 h specimen. There are some Fe enriched regions with a 
diameter of -2 nm and a concentration of 50 at. %Fe. The 
interfaces between the Fe enriched particle and the matrix is 
not well defined, suggesting that the interface may be dif- 
fused. In the 2600 h specimen, Fe concentration of the Fe- 
J. Appl. Phys., Vol. 77, No. 11, 1 June 1995 
rich particles reaches to about 80%, which is as high as the 
equilibrium concentration estimated from the binary phase 
diagram. Since the solubility limit of Fe to Cr is high, a large 
amount of Fe (-10 at. % ) still remains in the Cr matrix. The 
diameter of the particles is estimated to be -4 nm and the 
interparticle distance is comparable or a little larger than that. 
Figure 9 presents the three-dimensional element map- 
ping of Fe-25 at. %Cr alloy (a) as-quenched, (b) annealed at 
773 K for 400 h, and (c) annealed at 773 K for 2600 h 
measured by the three-dimensional atom probe (3DAP), and 
(d)-(f) their corresponding isoconcentration surfaces which 
was constructed by connecting concentration level of 75 
at. %Fe. The ASQ specimen does not show clear indication 
of clustering of Fe, and there is no local region which con- 
tains Fe higher than 75 at. %. The 400 h specimen seems to 
have small but long range fluctuations in Fe concentration 
and the ion enriched region look interconnected, which is a 
typical feature of the early stage of sypinodal decomposition. 
Okano et a/. 5847 
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FIG. 10. Schematic drawings of MR curves expected from individual Fe 
spins, spin clusters, and precipitated Fe particles. 
The isoconcentration surface [Fig. 9(e)] shows that there is a 
small region that contains Fe higher than 75 at. %. In the 
2600 h specimen, Fe-rich particles are clearly observed [Fig. 
9(c)]. Several ferromagnetic particles are recognized in Fig. 
9(f), but they are completely isolated. The particle distance is 
comparable or slightly larger than the particle size. 
IV. DISCUSSION 
We believe that there are three components which con- 
tribute to the MR in Cr-Fe bulk alloys; i.e., (i) individual 
spins, (ii) clusters of spins, and (iii) ferromagnetic precipi- 
tates (see Fig. 10). In the case of Cr-Fe system, -10 at. %Fe 
is soluble in Cr, unlike other granular systems such as Cu- 
Co, Cu-Fe, Ag-Fe, etc. Hence, a large contribution to MR by 
Fe atoms which are dissolved in Cr is expected even after 
prolonged aging. According to the magnetic phase diagram 
by Burke et aZ.,15 the Cr-25 at. % Fe alloy shows re-entrant 
spin glass behavior below about 10 K. The MR will have the 
highest value when the magnetic moments on scattering cen- 
ters of electrons are randomly distributed with the maximum 
density,21 hence it is reasonable to observe the maximum MR 
at the transient stage from spin glass to ferromagnetic state as 
concentration of Fe increases. 
The MT curve (Fig. 5) shows typical re-entrant spin 
glass behavior in the ASQ specimen, which is consistent 
with the result by Burke et al.‘g220 We have shown that the 
as-quenched alloy is a homogeneous solid solution by the 
atom probe analysis [Figs. 7(a), 8(a), and 9(a)]. Since the 
concentration of Fe is high in the present specimen, it is 
expected that some of Fe atoms are ferromagnetically 
coupled and form a cluster of spins because Fe atom concen- 
tration must be statistically fluctuated to some extent, even 
though the solute elements are homogeneously dissolved in a 
5848 J. Appt. Phys., Vol. 77, No. 11, 1 June 1995 
macroscopic scale. Such statistical fluctuations are in fact 
observed in the atom probe concentration depth profile as 
shown in Fig. 8(a). The coexistence of ferromagnetic and 
antiferromagnetic exchange interactions among individual 
spins and spin clusters, due to the oscillating Ruderman- 
Kittel-Kasuya-Yosida (RKKY) interaction, is considered to 
cause the deviation of the FC curve from the ZFC curve. In 
such a case, under the ZFC condition, the directions of the 
moments would be random in average at low temperatures. 
By application of the magnetic field at 4.5 K, directions of 
the moments of spin clusters will be rotated at a relatively 
low field, because the Zeeman energy plays a more signifi- 
cant role compared to the exchange energy as the size of a 
cluster increases. This process is reflected in the MH curve, 
which shows saturation like behavior at less than 100 Oe 
[Fig. 4(a)]. On the other hand, the directions of the individual 
spins will not be aligned so easily since they are frozen as 
spin glass by the RKKY interaction. Therefore, the MR will 
never be saturated even under the presence of a very high 
magnetic field as shown in Fig. 3. At 77 K, the moments of 
individual spins and spin clusters do not seem to be frozen 
any more due to the thermal fluctuation. However, the fluc- 
tuation is considered to be still quite slow compared to the 
characteristic time of electron scattering. Hence, relatively 
high MR (3.5% at 5.8 kOe) still appears. At room tempera- 
ture, however, the thermal fluctuation is dominant and the 
ASQ specimen is paramagnetic state, resulting in no signifi- 
cant MR. 
A low degree of fluctuations of Fe concentration is ob- 
served in the 400 h specimen as shown in Fig. 8(b). The 
composition of the Fe enriched region is -50 at. %Fe. From 
Figs. 7(b) and 9(b), it can be seen that the fluctuations do not 
form discrete precipitate particles yet. Rather, the Fe en- 
riched regions are interconnected and the morphology is 
similar to the early stage of the spinodal decomposition. The 
interface cannot be defined clearly as seen from Figs. 7(b), 
8(b), and 9(b). At 4.5 and 77 K individual spins and small 
spin clusters may contribute dominantly to MR, similarly to 
the case of the ASQ specimen. At 300 K the magnetization 
for the 400 h specimen shows superparamagnetic behavior, 
and negative MR is still observed as shown in Fig. 2(c), in 
contrast with the case of the ASQ specimen. We consider that 
this is caused by the existence of Fe emiched regions pro- 
duced by the progress of phase decomposition. They are not 
so much fluctuated by thermal excitation even at 300 K, and 
give rise to negative MR. 
The 2600 h specimen shows the lowest MR at 4.2 K. 
However, note that the MR change at the low field region is 
steeper than those of the other specimens. In this specimen, 
two types of contributions to the MR are envisaged. One is 
finely dispersed ferromagnetic particles of -4 nm containing 
-80% Fe, and the other is individual spins/spin clusters of 
the matrix phase which contains 15% Fe. Since concentra- 
tion of Fe in the matrix reduces as the Fe enriched particles 
evolve, the Fe concentration of the matrix phase is reduced 
from 25% to 15%. Then the density of the individual spins/ 
spin clusters decreases. Therefore, the MR for the 2600 h 
specimen is the lowest at 4.2 K. While ferromagnetic par- 
ticles can contribute to MR, the size of the particles and the 
Okano et a/. 
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average interparticle distance seems to be too large to induce 
large MR. However, the contributions from the ferromag- 
netic particles tend to saturate easily by the application of 
magnetic field, leading to the steep MR change at the low 
field region. At 77 K, the contributions from the individual 
spins/spin clusters become weak due to thermal fluctuation. 
On the other hand, the MR attributed to ferromagnetic par- 
ticles remains, because they are not influenced by thermal 
excitation. Hence, the steep change in MR at lower than 1 
kOe appears [Fig. 2(b)]. After the ferromagnetic particles are 
aligned to the direction of the magnetic field, the small MR 
originated from only the individual spins/spin clusters re- 
mains at higher fields. At 300 K, only the MR originated 
from the ferromagnetic particles remains. Hence, we see a 
steep change of MR at the low-field region, and the MR 
change becomes very small at higher than 2 kOe. MR value 
itself is very small, as the particle size is large and the den- 
sity is small compared with those of individual Fe atoms. 
Figure 10 summarizes the origin of GMR in Cr-Fe al- 
loys, in which the small arrow indicates the spins and the 
large arrow indicates the magnetization vectors on the single 
domain ferromagnetic particles. The clusters of small arrows 
mean ferromagnetically coupled spin clusters. The ASQ al- 
loy is a spin cluster glass, in which small spin clusters are 
present in addition to individually frozen spins, while chemi- 
cal composition is macroscopically homogenous but statisti- 
cally fluctuated. The moments of the spin clusters are more 
easily rotated by the application of magnetic field than the 
individual spins. The latter causes unsaturated type MR. In 
addition to this, there are ferromagnetic precipitates in the 
annealed specimens. The magnetization rotation of these is 
very easy and the contribution to MR remains at high tem- 
peratures compared with the case of individual spins/spin 
clusters. The MR change due to this effect can be singled out 
in the 2600 h specimen at 300 K. 
All the MR behavior observed in the present study can 
be explained by the interplay of (i) individual spins, (ii) spin 
clusters, and (iii) ferromagnetic precipitates. Individual spins 
and spin clusters of Fe atoms make the largest contribution to 
MR at a low temperature, because they offer the highest 
density of the scattering center. The ASQ specimen contains 
the highest density of Fe atoms in the matrix, so it shows the 
largest MR at 4.5 K. The Fe concentration in the matrix of 
the aged specimen is lower than that of the ASQ specimen 
and the MR will be smaller than that of the ASQ specimen. 
At room temperature, only precipitated ferromagnetic par- 
ticles make a contribution to MR. 
V. CONCLUSION 
We have observed large negative MR in Cr-Fe bulk al- 
loys and its variations as a function of heat treatment condi- 
tions. The MR observed in the as-quenched alloy is attrib- 
uted to the re-entrant spin glass. By annealing this at 773 K, 
ferromagnetic particles evolve from the solid solution. At an 
early stage, the concentration of ferromagnetic particles are 
significantly lower than the equilibrium value and the inter- 
face looks diffuse, but as annealing goes on, it reaches the 
equilibrium concentration (-90 at. %Fe) and the interface 
becomes sharp. The MR changes according to the evolution 
of such ferromagnetic particles becomes more prominent at a 
lower magnetic field. When ferromagnetic particles with 
equilibrium concentration form, the MR appears even at 
room temperature, but the value is very small probably be- 
cause the size of the particle is large (2 nm). These MR 
changes have been explained qualitatively in association 
with the evolution of ferromagnetic particles. 
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